Although bacteriophage T4 baseplate morphogenesis has been analyzed in some detail, there is little information available on the spatial arrangement and associations of its 150 subunits. We have therefore carried out the first analysis of its near-neighbor interactions by using the cleavable chemical cross-linker ethylene glycolbis(succinimidylsuccinate). In this report, we describe the cross-linked complexes that have been identified in the one-sixth arms or wedges and also in baseplatelike structures called rings consisting of six wedges but lacking the central hub, both of which are purified from T4 gene 5--infected cells. Thirty different complexes were identified, of which about half contain multimers of a single species and half contain two different species. In general, the complexes reflect and support the assembly pathway derived by Kikuchi and King (Y. Kikuchi and J. King, J. Mol. Biol. 99:695-716, 1975) but broaden its scope to include such complexes as gp25-gp53, gp25-gp48, and gp48-gp53, which locate the gp48 binding site over the inner edge of the ring but outside the central hub. The data also supports the view that wedges are assembled from the outer edge inward toward the central hub. Wedge-wedge contact in rings was mediated prinarily by gpl2 and gp9, thje absence of which dramatically destabilized the ring ++ wedge equilibrium in favor of wedges. Although no heterologous complexes containing gp9 were identified, gpl2 contacts unique to rings were observed with both gplO and gpll.
At the base of the bacteriophage T4 tail is a complex hexagonal structure known as the baseplate. During infection, the baseplate receives signals from the long and short tail fibers that they have bound to the appropriate receptors in the outer membrane of the host, Escherichia coli. The baseplate then transduces that signal to the contractile tail sheath by undergoing a radical hexagon-to-star transformation which in turn causes a progressive wave of contraction to travel up the sheath (14, 29) . The shortening of the sheath then drives the tail core down into the cell through a hole in the baseplate created by the transformation (for a review of tail structure and assembly, see reference 3).
Filtered electron microscopic images show the baseplate to be a delicate lattice of proteins (10) . However, other than the identification of changes in the electron density of the outer edge created by the loss of gene products gp9, gpll, and gpl2, this technique provided no information concerning the position of the 147 subunits which make up the structure.
Despite this lack of detailed knowledge, the work by King and others on baseplate assembly has established the framework for future work (18) (19) (20) (21) 23) . They determined that two pathways feed the finished structure, one for six wedges and the other supplying the central hub. The strict linear order of the wedge pathway and in vitro assembly of the gplO-gpll initiator (2, 30) establishes that wedge assembly begins at the outer edge and proceeds inward toward the hub.
With these constraints, we have set out to map the relative positions of the baseplate proteins by using cleavable chemical cross-linkers as probes of near-neighbor interactions. In this report, we map the wedge and baseplatelike aggregates of six wedges lacking the central hub, which we have called rings. A later report will probe the structure of the finished cold 5% trichloroacetic acid (TCA) and filtering through GF/A glass-fiber filters.
Preparation of wedges and rings. The following extraction is adapted from the method of Crowther et al. (10) as follows. 23 -x 5-cell pellets were suspended in 0.01 culture volume of a solution containing 50 mM triethanolamine hydrochloride (pH 8.0), 1 mM MgSO4, 1 mM CaCl2, and 80 [ig of DNase per ml. Cells were lysed by one cycle of freeze-thawing (-80 and 30°C ) and incubated for 20 min.
After the addition of 100 [Lg of RNase per ml and 20 pl of 0.05 M EDTA and a further 20-min incubation to degrade ribosomes, the preparation was clarified for 3 min in a microcentrifuge. The pellet was extracted once with 0.1 ml of the above buffer, and the supernatants were pooled. The samples were clarified once more and loaded on sucrose gradients.
Formation of sucrose gradients. Linear 5 to 20% (wt/vol) sucrose gradients containing 50 mM triethanolamine hydrochloride (pH 8.0), 1 mM MgSO4, and 1 mM CaCl2 were formed by mixing equal (6.2-ml) volumes of degassed 5 and 20% sucrose solutions in SW41 tubes with a rotational gradient former (BioComp, Fredericton, New Brunswick, Canada). Gradients were formed by rotating tubes about their long axis for 3 min at 10 rpm at an angle of 80° (8) .
Structure isolation. To obtain wedges, 0.4-ml samples were centrifuged through 5 to 20% sucrose gradients for 16 h at 36,000 rpm at 4°C in the SW41 rotor (Beckman Instruments, Inc., Palo Alto, Calif.) to a final 8 x 1011 rad2/s. The peak of radioactivity containing wedges was centered 5.5 cm into the gradient at the 15S position calculated by using the tables of McEwen (28) and Sw2t charts (Beckman applications manual DS-528). Gradients were fractionated (0.39-ml fractions) with a piston displacement device (7) . Samples (10 [lI) were counted in 3.0 ml of A.C.S. cocktail (Amersham Corp., Arlington Heights, Ill.). The pooled peak fractions (1.5 ml) were freed of an unidentified cross-linking inhibitor by passage over a 4-cm-long 2.5-ml column of Sephadex G-25 M (Pharmacia, Inc., Piscataway, N.J.). After the fractions were cross-linked and quenched (see below), the wedges were further purified by incubation with 20 Il of anti-gplO antiserum per ml for 1 h and isolation of the wedge-antibody complex by passage over a 35-cm-long 27-ml column of Sephacryl S-400 (Sigma Chemical Co., St. Louis, Mo.) equilibrated with the same buffer. The radioactive peak fractions were pooled, chilled, and precipitated with 0.1 volume of 100% TCA. After being washed twice with 0.01 M Tris hydrochloride (pH 6.8) in 90% acetone, the pellets were dried in vacuo and stored at -80°C.
Rings were prepared from separate aliquots of the same extract. Samples (0.4 ml) were c'entrifuged through 5 to 20% sucrose gradients at 36,000 rpm in the SW41 rotor at 4°C for 2.75 h to a final 1.2 x 1011 rad2/s. The radioactive peak was removed from its position 5.5 cm into the gradient, passed over the Sephadex G-25 column, cross-linked, and precipitated with TCA as described above.
Cross-linking. Ethylene glycolbis(succinimidylsuccinate) (EGS) (1) and all other cross-linking reagents were obtained from Pierce Chemical Co., Rockford, lll. Immediately before use, EGS was dissolved in dimethyl sulfoxide at 10 mg/ml, diluted to 1.0 mg/ml with a solution consisting of 50 mM triethanolamine hydrochloride buffer (pH 8.0), 1 mM MgSO4, and 1 mM CaCl2 and added to the sample solutions at a final concentration of 0.025 mg/ml. Triethanolamine was used in lieu of Tris to avoid primary amino groups which could react with EGS. The reaction was quenched after 0.5 h at room temperature by the addition of 50 RI of 1.0 M lysine per ml (32) . No autoradiograph into sections. Except for the vertical base line at the left edge of the gel, all other base lines were drawn along a series of hydroxylamine-cleaved peptides originating from gp7, gplO, gpl2, and gp8. These local base lines reveal any horizontal displacement of spots incurred by inhomogeneities in the electric field during electrophoresis, particularly at the edges, and distortion of the gel during transblotting. The autoradiographs were visually scanned by using a 7x magnifier scaled at 0.1 mm (Bausch & Lomb, Inc., Rochester, N.Y.). Measuring rightward along each gene product line from the local base line, the centers of the protein spots were determined to within 0.05 mm where possible. All spots with centers equidistant (+ 0.25 mm) from the local vertical base line were considered to have arisen from one or more cross-linked complexes located at that position in the first-dimension gel. To aid in the identification and discussion of these potential cross-linked species, an overlay of each gel was constructed in which all species unique to the cross-linked gel were located with circles. Vertical lines were drawn linking those spots that were potential derivatives of the same cross-linked complex (e.g., see Fig. 6C and 7C).
RESULTS
Isolation of wedges and rings. Cross-linking studies of any structure require stringent purification to avoid artifactual complexes and unnecessarily complex 2-D gel patterns. The purification of wedges from 23-x 5-extracts by rate zonal sedimentation on a 5 to 20% sucrose gradient (Fig. lA) did not satisfy this criterion. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the peak 15S fractions showed that while the products of genes, 6, 7, 8, 10, 11, 12, 25, 53, and frd were present as proposed previously (18) (19) (20) , there were also numerous contaminating species at this 15S position in the gradient (Fig. 2, lane A) . We cross-linked this crude wedge preparation and then substantially increased its purity by decorating the wedges with anti-gplO antibodies and then passing the mixture over a Sephacryl S-400 size exclusioti column (Fig. 3) . The antibody-wedge complexes eluted just after the void volume, well ahead of the remaining 15S material, and showed a protein content expected for wedges (Fig. 2 nique. The use of a protein A column in place of the S-400 column proved less reliable, giving lower yields and larger amounts of unbound antibodies (results not shown).
Rings (baseplates devoid of the central plug) were considerably easier to purify from the same 23-x 5-extract, requiring only a 5 to 20% sucrose gradient. The gradient profile and the protein content of the 70S peak fractions are shown in Fig. 1B and 2 (lane C), respectively.
Our results confirm an earlier report (19) of a striking difference in protein content between wedges and rings in the same 5-extract; rings contain gp9 and gpl2 (and some gp48), while wedges contain none. This result raised the possibility that one or both of these new proteins was helping to stabilize rings in the absence of the central hub, implying that gp9 and gpl2 lie on the wedge-wedge interface. To examine this, we constructed the necessary triple mutants (23-x 5-x 12-or 9-) and examined both the wedge and ring gradient profiles. The results shown in Fig. 4 indicate that both gp9 and especially gpl2 help to stabilize rings. As indicated previously (10), these two proteins occupy unrelated sites on rings, since the absence of one had no effect on the assembly of the other.
Cross-linking. Our initial attempts at direct cross-linking of structures in sucrose gradient fractions to minimize subunit loss or structural changes were hindered by an unspecified inhibitor. As a result, all samples were passed over a G-25 column before adding cross-linker.
We Figure 5 illustrates the optimization of the useful concentration range of EGS. We chose a standard concentration of 0.025 mg/ml as a compromise between low yield at lower levels and loss of resolution due to mass modification of lysines at higher concentrations.
Resolution of cross-linked complexes by diagonal gel electrophoresis. Having optimized cross-linking and cleavage conditions, we applied these conditions to purified wedges (Fig. 6) and rings (Fig. 7) . For the wedge preparation, cross-linking and quenching preceded the anti-gplO antibody binding and S-400 column purification steps. For rings, cross-linking and quenching immediately follow the gradient and G-25 buffer change. In both cases, controls consisted of aliquots of the sample that were mock cross-linked, quenched, and then cleaved between the first-and seconddimension gels in parallel with the cross-linked sample.
In the second dimension, a series of vertical spots appear beneath the unaltered gene products in both control and cross-linked samples ( Fig. 6 and 7) . These spots are a result of hydroxylamine-induced hydrolysis of these proteins at Asn-Gly sites (5 pattern into well-resolved pairs of spots. The 7 and 14% combination was essential for the identification of complexes containing gp25.
The second resource used to dissect the multispot vertical rows was simply reproducibility. Some spots persist on gels of wedges, rings, or complete tails while others do not. We therefore relied on the consistency of a spot (homodimer) or pair of spots (heterodimer) in a vertical row to confirm the identity of the parent complex. As a general rule, the reproducibility of the 7 and 10% acrylamide gel system was very high, with only occasional spots appearing only once. The two other gel systems were more problematical and were used primarily to confirm and sort complexes which overlapped in the 7 and 10% gel system.
A final challenge was to determine the stoichiometry of each subunit in a pair. For example, is the gplO-gpll complex at line R9 (Fig. 7C ) in rings a heterodimer or a heterotrimer? Although we attempted to calibrate our firstdimension gels with appropriate high-molecular-weight standards, the correlation between the mobility of cross-linked complexes and that of a single polypeptide of the same total mass deteriorated with increasing size. We are uncertain whether this is a charge effect from the reaction of EGS with many lysines or a steric effect of the cross-link joining the separate sodium dodecyl sulfate-denatured subunits in a nonlinear array. Consequently, the assignments of subunit stoichiometry within complexes are our best estimates and must await independent confirmation before adoption.
The complexes observed in the 2-D gel pattern of wedges and rings (Fig. 6 and 7 , respectively) and confirmed as outlined above are shown in Tables 1 and 2 . Below, we will discuss each gene product in order of descending mass and give the rationale behind the various assignments.
gp7. The wedge gel (Fig. 6C ) contains a series of gp7 spots (lines Wl, W3, and W4) whose origin is obscure, since wedges contain only a single copy of this protein. Otherwise, the horizontal line of gp7 spots offers several examples of complexes with gp8 and also a reproducible lone gp7 spot (R4) in rings which persists in baseplates (not shown), the latter being evidence for a gp7 dimer.
gplO. All structures examined contained three gplO spots: one directly beneath gp7 and two well-spaced, prominent spots to the left. The first of the three is a gp8-gplO complex (Fig. 6C, line W7; Fig. 7C , line R10) beneath gp7 which is consistently seen in all structures (wedges, rings, baseplates, and tails) when the first dimension is 7% acrylamide. In Western blots (immunoblots) of first-dimension 7% acrylamide strips of baseplates (results not shown), anti-gp8 and anti-gplO sera detected the same doublet at this position.
The middle gplO spot (Fig. 7C, Perhaps the most interesting gplO spot is the one with the lowest mobility (Fig. 7C, lines R2 ). This spot was present in wedges which lack gpi2 and 12-baseplates (results not shown) and must therefore be a dimer or trimer of gplO (the complex has a mobility suggesting a mass of =250 kDa). However, first-dimension 5% acrylamide gels of rings and baseplates (but not wedges) resolved this spot into a series of spots, two of which correspond exactly with gpl2 spots below, indicating an additional gplO-gpl2 complex at this position. We indicate gplO-gp122 because it seems unlikely that the coupling of a 55-kDa gpl2 to the adjacent gplO2 would increase its mobility. A gplO-gpl2 dimer is an alternative possibility but its aggregate mass would be only marginally higher than gp7, far less than that observed here.
gp6. The second-dimension gp6 line was invariably a fuzzy doublet with indistinct spots, making the analysis difficult. The only complex common to all structures was gp6-gp53. What is striking, however, is how much the gp6 spots change from wedges to rings. The gp62, gp63, and gp64 pattern of rings is seen in all higher structures. Since there are only two copies of gp6 per wedge, this result implies that gp6 girdles the baseplate at some radius.
gpl2. The near absence of gpl2 from wedges and its complete absence from 12-baseplates make the interpretation of the gpl2 spots relatively straightforward. The gpl2 dimer and trimer (Fig. 7C , lines Rll and R6, respectively) were anticipated by its known copy number of 18. Its interaction with gplO is discussed above, and a clear indication of a gpl2-gpll complex (Fig. 7C, line R12 ) was also seen.
gp8. Like gp6, gp8 produced a hazy doublet line containing indistinct spots. In addition to the gp8-gplO and gp7-gp8 complexes described above, we find good evidence for gp82 in both wedges and rings ( Fig. 6C and 7C , lines W10, Wll, and R13). This contradicts the published stoichiometry of one gp8 per wedge (18) , but our autoradiographs have consistently shown more gp8 than gp48 or gp5 (6 copies each) whether _'C-or 35S-labeled amino acids were used. measurements. Hence, these results raise the possibility that gp8 is present in 12 or more copies per baseplate. We have also included a tentative gp8-gp53 complex seen occasionally in wedges (Fig. 6C, line W12 ) but in no other structure. gp48. The spots on the gp48 line in the ring gel (Fig. 7C ) were rather indistinct, but the most prominent one, (line R15) lacked any comigrating species, offering good evidence for a dimer of gp48. As with gp6 and gp7, this implies a ring of gp48 located at the inner radius of these hubless baseplates. This finding is further supported by the identification of gp48 complexes with gp53 and gp25. The gp48 spot beneath gpl2 in rings is a doublet with the left half from the gp53-gp48 pair (Fig. 7C, line R16 ) and the right half from the gp25-gp48 pair (line R17).
gp9. Despite its relative abundance, only one faint gp9 spot appeared in rings, apparently derived from the gp93 complex (Fig. 7C, line R13 ). Possible interactions with other proteins which align vertically with gp9 in this line were eliminated when we observed a solo gp9 spot in wedges (results not shown).
gpll. The only gpll complex detected other than the gplO-gpll and gpl2-gpll pairs described above was gpll2 (Fig. 6C, line W13; Fig. 7C , line R18) common to all structures. In their early in vitro assembly work, Plishker et al. (30) also detected a gpll2 complex by using chemical cross-linkers.
gp53. Gene product gp53 forms several important complexes. In addition to the gp8-gp53 and gp6-gp53 species described previously, a gp25-gp53 complex was detected directly beneath gp48 in all structures except wedges (Fig.  7C, line R19) .
gp25. The gp25-gp48 and gp25-gp53 complexes found in all structures except wedges have been described.
A summary of the homomeric and heteromeric complexes substantiated by this study is given in Table 3 with accompanying references to the lines on the 2-D gels. A graphic representation of these complexes is seen in Fig. 8 .
DISCUSSION
Considering the linearity of the wedge pathway, it is not unreasonable for the structure revealed by chemical cross- In the other example, gp48 lies at the junction of gp25 and gp53. However, unlike gpl2, which is seen in wedges in small amounts, gp48 is not, adding only after wedges have polymerized into rings. This raises the possibility that the gp48 assembly site is composed of gp25 and gp53 on adjacent wedges, qualifying it as a spanning subunit.
With the exceptions of gplO-gp8 and gp6-gp25 complexes, all other cross-links are formed between subunits which are nearest neighbors in the established pathway (18) (19) (20) .
In addition to intrawedge contacts, we sought to identify contacts between wedges to expand the network. There are three types of external contacts open to wedge proteins; the wedge proteins may interact with (i) hub proteins, (ii) spanning proteins, and (iii) subunits in adjacent wedges. Normally, hub interactions must take precedence over the other two to avoid dead-end ring formation (19) . Since the hub is absent in these experiments, the cross-links we detected in rings arise from the contact types ii and iii, which are secondary interactions required to stabilize baseplate structure during assembly.
As indicated above, proteins spanning adjacent wedges are identified by their presence in rings, but not wedges, and include gpl2, gp9, and gp48. Since gp48 is present in only 6 copies per baseplate (3), the cross-linked dimer and trimer in Fig. 7 (lines R14 and Rll) suggest that it spans the wedgewedge interface as a ring of six subunits. Other studies consistently place gp48 on the head-proximal face of the baseplate (4, 21, 22, 38) .
Contacts between adjacent wedges must be very weak, since the absence of both spanning proteins gp9 and gpl2 essentially blocks ring formation. However, rings did show a number of possible interwedge contacts. An unaccompanied gp7 spot in rings at the position of gp72 dimer in Fig. 7 implies that this largest subunit in the baseplate, with its copy number of six, may span the entire width of the wedge, making head-to-tail contact with the gp7s in adjacent wedges.
For gp6, multimers of gp6 higher than the dimer permitted for its copy number of two per wedge suggest that it too makes homologous interwedge contacts. Both gp6 and gp8 show numerous changes in their cross-linking pattern when rings are compared with wedges. Because these changes do not involve complexes with gp9, gpl2, or gp48, we surmise that these two species lie close to the wedge-wedge interface and are disturbed during ring formation.
Given the high gp9 copy number of 24 subunits per baseplate (3), we were surprised at the dearth of complexes containing it. Other studies have placed gp9 at the baseplate vertices (10) , where it apparently forms the socket for tail fiber attachment (37) and therefore transduces the signal from the fibers to the baseplate leading to baseplate deformation and sheath contraction (9) . This evidence, combined with our evidence suggesting a wedge-wedge interfacespanning location, places the gp9 trimer we observed at the outer edge of the wedge vertex in Fig. 8 .
Although this is the first study of baseplate structures using cleavable chemical cross-linkers as probes, we are aware of a study using Ni2" and Cu2" ions as reversible cross-linkers (36) . However, that report deals with completed core-baseplates and tails and for unknown reasons shows no overlap with our detected complexes. Our attempts to duplicate the method were abandoned when we observed that the required omission of 2-mercaptoethanol in the first dimension produced a large number of poorly resolved complexes in the second-dimension gel.
The only other data available concerning baseplate structure are those obtained from studies of heat-sensitive (hs) mutations in various tail genes (11, 12, 38, 39) . The placement of gene products in the baseplate in these studies is necessarily imprecise, defining only whether a gene product is needed during an early (reversible) or late (irreversible) step in adsorption, with the former located at the periphery and the later at the center of the disk. On the basis of the observation that hs mutations in gene 48 invariably led to separation of the sheath from the baseplate during contraction and that one gene 25 mutant broke sheath-baseplate contact while another maintained it, Yamamoto and Uchida (38) surmised that gp25 and gp48 were linked. Our results confirm this interaction.
This then, completes the first stage in our efforts to map baseplate structure. We have cross-linked the wedge and rings of wedges in an effort to understand the interactions in the simplest unit readily available for study. We find that two proteins, gp9 and gpl2, required for infectivity but not assembly of the baseplate, both promote ring formation and further that the subunit interactions in the wedge generally reflect the linear assembly pathway. In our next report, we will probe the completed baseplate and tail and attempt to identify interactions between the central hub and wedge and between the sheath, core, and baseplate.
